Osmotic shock fluid of Escherichia coli exhibited pore-fonming activity. This activity could be followed by an in vitro assay based on the conductivity increase for ions due to the presence of pores in black lipid membranes. The histogram (the distribution of conductivity increments in a single pore experiment) obtained with osmotic shock fluid from E. coli was identical to the histogram obtained by detergent-solubilized porin isolated from the outer membrane. The osmotic shock fluid from porin-negative mutants also exhibited pore activity, although the histogram and ion specificity were different from those of porin. Antibodies raised against detergent-solubilized porin were able to form precipitin lines by the Ouchterlony immunodiffusion technique when shock fluids, but not detergentsolubilized porin, were used. These antibodies prevented the formation of pores when shock fluids contained porin but not when shock fluids obtained from porinnegative mutants were used. Macroscopic membrane conductivity of shock fluids due to porin exhibited a concentration dependence, in contrast to detergentsolubilized porin. These results indicate that the hydrodynamic properties of periplasmic or "soluble" porin are different from those of the detergent-solubilized porin of the outer membrane. Periplasmic porin comprises about 0.7% of total protein in the osmotic shock fluid.
The cold osmotic shock procedure pioneered by the work of Neu and Heppel (44) has been used to operationally define the periplasmic space (39) and, thus, periplasmic proteins (21, 22, 47, 54) . These proteins are water soluble and considered to be located outside the cytoplasmic membrane, even though some cytoplasmic proteins may be released under certain conditions (25) . Most of the studies on the localization of periplasmic proteins have been done with alkaline phosphatase (9. 13, 27, 36, 38) as well as with substrate-binding proteins (43, 50) that are part of active transport systems (5, 47) . In particular, studies on the biosynthesis of periplasmic proteins indicate that they are synthesized through the cytoplasmic membrane and are thus located exclusively outside the osmotic barrier of the Escherichia coli cell (51, 60, 62) . The outer limit of the periplasmic space is less well defined (11, 37) . In particular, it is not clear to what extent periplasmic proteins may interact or may even be part of the outer membrane (16, 37) .
This outer membrane of gram-negative bacteria such as E. coli is rather complex, being composed of phospholipids, lipopolysaccharides, and proteins (15, 45, 56) . Via one of the major outer membrane proteins, the murein lipoprotein, this structure is covalently linked to the underlying peptidoglycan network (8) . However, this lipoprotein also occurs in a form not linked to murein (24) , but it is still part of the outer membrane (8) .
In recent years numerous studies have concentrated on the proteins that are contained in the outer membrane. The evidence for their location is essentially the separation of the outer membrane by density gradient centrifugation of lysed spheroplasts (46) or by solubility properties of total membranes in Triton X-100 (58, 59) . By using sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, the major outer membrane proteins have been analyzed by several groups of investigators (7, 10, 18, 34, 55, 59, 67) . They are a class of closely related proteins that are strongly membrane bound and are only solubilized by detergents. One of these major outer membrane proteins, in particular, has been studied intensively. Various investigators have called this protein protein I (17), protein 1 (59) , protein 0-8,9 (67), protein Al, A2 (7), protein b,c (34) , matrix protein (55) , and porin (41) . In E. coli B porin apparently consists of one polypeptide chain (35, 55) , whereas in E. coli K-12 more than one closely related polypeptide may be present (20, 23, 26, 57) . The relative amounts of these closely related polypeptide chains vary depending on growth conditions (35) , as well as on mutations affecting the structure of the lipopolysaccharide (1, 28) . VOL. 135, 1978 Porin spans the outer membrane and can function as a phage receptor (2, 12) . Its position in the outer membrane has been described as a matrix based on a hexagonal lattice (63) . Crosslink experiments with intact cells as well as with isolated cell walls indicate a dimeric (48) or trimeric structure (49, 53) .
Porin exhibits a strong affinity towards peptidoglycan, since it is not released by treatment in SDS at temperatures up to 70°C (19, 33, 55) . In addition, binding of porin to peptidoglycan is enhanced by lipopolysaccharide (69) . Also, murein lipoprotein seems to play a role in the interaction of porin with peptidoglycan. Porin can be released by trypsin treatment (41) . Under these conditions, murein lipoprotein is degraded (8) , whereas porin remains resistant to trypsin (55) . Also, direct interaction of murein lipoprotein with porin has been reported recently (30) .
All these data demonstrate the tight interaction of porin with the other components within the outer membrane as well as with itself.
The outer membrane plays an important role in the diffusion of hydrophilic molecules into the periplasm (R. J. Kadner and P. Bassford, in B. P. Rosen, ed., Bacterial Transport, in press). Recently, porin has been shown in reconstitution experiments to function as a hydrophilic pore mediating the passive diffusion of small molecules (molecular weight, 600) through otherwise impermeable phospholipid vesicles (40) (41) (42) . The effect of porin on increasing the permeability of these vesicles to small molecules is reflected in the pleiotropic effect that porin mutants have on the transport capacity in whole cells (3).
In another paper (R. Benz terol (Eastman; reagent grade) in n-octane (Merck; analytical grade) for 4 h under reflux and bubbling oxygen through the suspension (66) . The membranes from oxidized cholesterol-n-decane had a specific capacity of 0.555 AtF/cm2 and, assuming a dielectric constant of 2.1, a corresponding thickness of 3.3 nm (R. Benz, unpublished data).
For the electrical measurements, Ag/AgCl electrodes were inserted in the aqueous compartments on both sides of the membrane. In series with the electrodes, a voltage source and a current amplifer were used. For the macroscopic conductance measurement a Keithley 150B microvolt ammeter or a Keithley 610C electrometer was used. For the conductance fluctuation experiments a Keithley 427 current amplifier and a Tectronix 5111/5A22 storage oscilloscope (as the detecting instrument) were used. The amplified signal at the output of the oscilloscope was recorded with a strip chart recorder or in some cases with a tape recorder. The bandwidth of the measurement was 300 Hz to 3 kHz. The rise time of one single step in the fluctuation measurement was faster than 300 ps, and within this time resolution the current rise did not contain smaller intermediate steps.
Small samples of the concentrated solution of the shock protein were added to the salt solutions bathing the membrane. In the case of macroscopic conductance experiments, a final concentration of 5 ng to 5 ug of the shock proteins per ml was used. The concentration used for the single fluctuation measurements was much smaller in order to obtain only a limited number of steps. With the shock proteins containing porin (strains pop 1730 and CM 1068) a concentration of 1 ng/ml was sufficient, whereas for the other shock proteins (strains CM 1070 and CM 1072) a concentration of 5 ng/ml was needed.
In the shock solution the pore-forming activity remained for at least 8 weeks, although it was necessary after some time to stir the solution prior to use. In the aqueous solutions of high ionic strength (0.1 to 1 M), however, the protein lost its activity continuously and became inactive after about 20 h. For this reason fresh solutions were used for the membrane experiments.
Affinity column. The immunoglobulin G fraction of serum (10 ml) was purified by the method of Livingston (32) and then coupled to cyanogen bromideSepharose (Pharmacia), using the instructions supplied by the manufacturer. The antibody-coupled cyanogen bromide-Sepharose (4 ml) was then poured into a column (0.9 by 6.0 cm) and equilibrated with BBS (0.2 M borate, 0.5 M NaCl) buffer, pH 8. Concentrated shock fluid was applied, and the column was washed with the equilibrating buffer until no more UV-absorbing material was present in the effluent. Upon addition of a 2-ml sample of BBS buffer, 7 M in guanidine-HCl, a sharp UV-absorbing peak was obtained in the effluent. The protein-containing fractions were pooled and dialyzed against 10 mM Tris, pH 7.3. SDS-gel electrophoresis was performed with the system described by Laemmli (29 (Fig. 1) . This indicates that the porin preparation consists of large aggregates that are unable to penetrate the agar. However, surprisingly, osmotic shock fluids that had been used as a supposedly porin-free control gave one strong precipitin band and a second, smaller band positioned closer to the antibody well. Since it was possible that one of these bands was caused by the presence of porin in the periplasmic proteins of a set of isogenic strains, one of them lacking porin (68) was tested. Figure  2 shows the corresponding immunodiffusion tests. As can be seen, the small precipitin line was present in all preparations, but the large band was missing in the mutant preparations lacking porin. This indicates that shock fluids of wild-type strains do in fact contain porin. The fact that the porin derived from the periplasm diffuses into the Ouchterlony plate is evidence for the solubility of this protein. preparation of the periplasmic proteins. Crude shock fluids were centrifuged at 100,000 x g for 1 h, and the porin activity remained in the supernatant under these conditions. Pore-forming activity in osmotic shock fluids. Concentrated shock fluid of a wild-type strain was diluted to about 1 ng/ml and added to the aqueous solutions bathing a black lipid membrane. As can be seen in Fig. 3A , the membrane conductance given in nanosiemens (10-9 S) or picoamperes (1012 A) starts to increase in a stepwise fashion. The analysis of the distribution in the size of the individual conductance increments (histogram) is shown in Fig. 4A . For comparison, the same analysis using detergentsolubilized porin (42; Benz et al., in press) is depicted in Fig. 4B . Assuming that this conductance is due to the formation of hydrophilic channels, the conductivity, A, of ions through these channels is given by A = (a X r2)/l (a = specific conductivity of the bathing solution; I = length of the channel). Thus, A is directly proportional to the cross section (Or2) or the pore size. When antiporin antibodies were mixed with the osmotic shock prior to the addition to the membrane, only a few conductance steps could be observed, the histogram of which did not resemble porin. However, the antibodies completely prevented pore formation by detergentsolubilized and -purified porin (not shown). In some experiments the antibodies were added to one or both compartments of the cell after pores had been formed by porn. In these cases, no decrease in the conductance was observed. However, the membranes broke 5 to 10 min after the addition of antibodies. Apparently, this was caused by the antibodies or other components of the serum itself and also happened in the absence of porin.
Shock fluids of two strains that lack porin (CM 1070 and CM 1072) also contained poreforming activity, although this activity was only obtained at protein concentrations fivefold higher than those of shock fluids from a porinpositive strain. The conductance steps of the preparation of one of these strains (CM 1070) is shown in Fig. 3B . The histograms for both strains, CM 1070 and CM 1072, are shown in Fig. 5B and C in comparison to the histogram of the isogenic porin-positive strain, CM 1068 (Fig.  5A ). As can be seen, both shock fluids from the porin-negative strain contain pores that are smaller (CM 1070) and both smaller and larger (CM 1072) than those from porin-positive strain CM 1068. The only difference in strains CM 1070 and 1072 is the presence of the receptor of phage X in CM 1072.
The differences in the pore size are also reflected in the average pore conductivity exhibited by the different shock protein preparations, in 1 M NaCl as well as in other alkali chlorides (Table 2) .
Differences between the pores of the different preparations are most seen with lithium and sodium. Here, the pores of the porin-negative strain are on the average smaller than those from the porin-positive strains (LA 5001 and CM 1068).
Addition of anti-porin antibodies to the shock fluids of the porin-negative strains, CM 1070 and CM 1072, did not alter their pore-forming capacity.
Macroscopic conductivity. At higher concentrations of osmotic shock fluids single steps of conductance increase are no longer observable, but the conductance rise with time is smooth. With detergent-solubilized porin this increase in conductance is largely independent of porin concentration (Benz et after black membrane formation, the shock fluids conferred different conductivity upon the membrane (Table 3) . Here again, shock fluids of the porin-positive strains were 5-to 10-fold more active than those from the porin-negative strains. When different concentrations of shock fluids from porin-positive strains were tested, a linear dependence between conductance and concentration was observed in a log/log plot, the slope of which is between 1.3 and 1.4 (Fig. 6 ). Fresh preparations that had been centrifuged but neither lyophilized nor dialyzed exhibited slopes up to 2 (not shown).
Stability of periplasmic porin. After storage for several weeks at 4°C in 10 mM Tris buffer, a precipitate formed and the shock fluids lost their ability to form precipitin lines in the immunodiffusion test against antiporin antibod- (n = 345) ; B, porin solubilized in SDS (0.5 ng/ml), A = 1.2 nS (n = 241). loss of activity. As with detergent-solubilized porin, periplasmic porin became irreversibly inactivated by incubation for more than 1 day in 1 M sodium chloride.
Isolation of periplasmic porin. Shock fluid obtained from the porin-positive strain LA 5001, containing about 10 mg of total protein, was poured over an affinity column with covalently fixed antiporin antibodies. After being washed, the column was eluted with 7 M guanidinium chloride, releasing about 0.5 mg of protein in a sharp peak. The protein-containing fractions were dialyzed against 10 mM Tris buffer, pH 7.2. It contained pore-forming activity. Its histogram is identical to that of porin (not shown). However, the initially clear solution forms precipitates much faster than crude shock fluids. SDSpolyacrylamide gel electrophoresis of this material in comparison to detergent-solubilized porin as well as to shock fluid prior to and after passage through the column is shown in Fig. 7 . The eluted material does contain porin, even though other proteins are also present. From the intensity of the Coomassie brilliant blue stain one can estimate that porin constitutes at least 15% of the eluted material. Therefore, one would calculate that approximately 0.7% of the total protein present in the shock fluid is porin.
DISCUSSION
Osmotic shock fluids of E. coli contain at least one protein that is usually found exclusively as an intrinsic membrane protein, closely associated with the outer membrane. In particular, they contain porin (41), a protein that has been shown to overcome the permeability barrier of the outer membrane for small hydrophilic molecules (3). Evidence for this statement is the following. (i) Shock fluids are able to form a precipitin line in an immunodiffusion test with antiporin antibodies that is absent in shock fluids from porin-negative strains. (ii) Shock The amount of porin present in the osmotic shock fluids is estimated by affinity chromatography, using columns containing covalently linked antiporin antibodies. From these experiments it is estimated that porin constitutes approximately 0.7% of the periplasmic proteins. Periplasmic proteins comprise about 3.5% (21) and total porin constitutes 7% of the cellular protein (55) . Thus, only about 0.3% of total envelope porin is found in the osmotic shock fluid.
Shock fluid isolated from strains that lack porin also exhibit pore-forming activity. However, the histograms of these preparations are clearly different from those of the porin-containing preparations. The histogram of strain CM 1072 apparently contains two types of pores (smaller and larger than porin), whereas strain CM 1070 contains only the smaller type of pores. Strain CM 1072 contains the A receptor, whereas its isogenic derivative, CM 1070, does not. Recently, the A receptor has been implicated in the maltose and maltodextrin transport system (64) by overcoming the diffusion barrier for these sugars through the outer membrane (65) . However, the A receptor is also able to accommodate small molecules other than maltodextrins (68) . Indeed, detergent-solubilized and -purified A receptor is also able to form pores in black lipid membranes (manuscript in preparation). The histogram obtained by this preparation is very similar to the population of the large pores in the shock fluid of strain CM 1072 (Fig. 5) , indicating its identity with the A receptor.
The origin of the population of small pores in the shock fluid of strains CM 1070 and CM 1072 is not clear. One possible candidate is protein II* (17) since this protein has been shown to span the outer membrane (14) .
Shock fluids from porin-positive strains also contain the pores present in porin-negative strains (CM 1070, CM 1072). However, these proteins are present in the shock fluid in smaller amounts than porin. Therefore, they do not contribute significantly to the respective histogram. They become apparent only when porin is inactivated by the antiporin antibodies.
It (1) . erties of porin in the shock fluids are. Since this protein appears to be soluble by means of immunodiffusion and ultracentrifugation, it seems unlikely that it is present as part of small outer membrane fragments. Our working hypothesis is based on the interaction of porin (and the other pore-forming proteins) with "free" lipoprotein (30) . The latter may act as a detergent and keep the strongly hydrophobic outer membrane proteins in solution. At present, the free lipoprotein has not yet been identified to be present in osmotic shock fluids (V. Braun, personal communication). Yet, it is our experience that nearly all periplasmic shock fluids that we have tested so far by SDS-polyacrylamide gel electrophoresis, or by two-dimensional electrophoresis, do contain substantial amounts of a protein that migrates in close proximity to the tracking dye (bromophenol blue) and may in fact be free lipoprotein.
The next step in the understanding of the hydrodynamic properties of periplasmic porin will therefore be the possible identification of lipoprotein in osmotic shock fluids and the examination of its interaction with porin.
